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                THE free radical or oxidative stress theory of aging has 
been among the most widely accepted theories in aging 
research ( 1 ). The theory proposes that the physiological 
declines associated with aging are due to an accumulation 
of oxidative damage over the life span of the organism. 
Despite the attractive logic of this theory, existing evidence 
in direct support of this theory has remained essentially cor-
relative. One approach to probe this theory has been to use 
animal models with altered antioxidant defenses. A variety 
of animal models ranging from invertebrates to mammals 
with defi cient or enhanced expression of major components 
of the antioxidant defense system have been studied ( 2 ). 
Overexpression of some primary antioxidant genes has been 
shown to extend life span in lower organisms including 
 Caenorhabditis elegans  and  Drosophila  ( 3  –  7 ); yet, altering 
the expression of these genes does not universally increase 
life span in mouse models. For example, studies from our 
laboratory and others have shown that increased expression 
of the major antioxidant enzymes, catalase, Cu/Zn superoxide 
dismutase (SOD), and MnSOD alone or in combination, 
does not extend maximum life span, which is in contradic-
tion to the oxidative stress theory of aging ( 8  –  10 ). 

 Mice with genetically reduced levels of individual com-
ponents of the antioxidant defense system have also been 
studied, including SOD (MnSOD and Cu/ZnSOD;  11  –  13 ), 
glutathione peroxidase (Gpx-1, Gpx-2, and Gpx-4;  14  –  16 ), 
catalase ( 17 ), peroxiredoxin ( 18 , 19 ), and thioredoxin 
( 18 , 20 ). Complete ablation of individual components of an-
tioxidant defense often leads to embryonic lethality (e.g., 
Gpx4 ( 21 ), Trx2 ( 20 ), MnSOD ( 11 )), but surprisingly, a re-
duction of one allele ( ~ 50% loss in activity) in heterozygous 
knockout mice ( Sod1  +/  −   ,  Sod2  +/  −   ,  Gpx4  +/  −   ) does not result 
in reduced life span ( 22  –  24 ). Homozygous deletion of Cu/
ZnSOD in  Sod1  −    /  −    mice does in fact lead to a reduction in 
life span ( ~ 30%); however, this reduction in life span is as-
sociated with a high incidence of hepatocellular carcinoma, 
and thus, the impact on aging per se cannot readily be inter-
preted ( 24 ). In light of these studies, we were interested in 
determining whether disrupting oxidative stress specifi cally 
within the mitochondrial compartment would alter oxida-
tive damage and reduce life span. 

 MnSOD and Gpx-1 are two primary oxidative stress 
defense enzymes in mitochondria. MnSOD is critical for 
detoxifying superoxide anions generated by the electron 
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  To test the impact of increased mitochondrial oxidative stress as a mechanism underlying aging and age-related patholo-
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with the important role for oxidative stress in tumorigenesis during aging, the incidence of neoplasms was signifi cantly 
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and do not support the oxidative stress theory of aging. 
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transport chain in the mitochondrial matrix. The hydrogen 
peroxide formed by the dismutation of superoxide is de-
toxifi ed by glutathione peroxidase and other peroxidases 
such as peroxiredoxins in the mitochondria. Homozygous 
deletion of MnSOD is either embryonic or neonatal lethal, 
depending on the genetic background of the mouse strain 
( 11 , 12 , 25 ). Although heterozygous MnSOD mice are viable 
and not short lived, these mice have altered mitochondrial 
function, increased sensitivity to apoptosis, increased cancer 
incidence, and susceptibility to oxidative stress ( 23 , 26 , 27 ). 
In contrast, homozygous deletion of Gpx-1 in mice does not 
affect embryonic development, and Gpx-1 null mice de-
velop without an obvious deleterious phenotype ( 14 , 28 ). 
Adult Gpx-1-defi cient mice show decreased mitochondrial 
function in liver ( 14 ), decreased resistance to oxidative 
stress ( 29 ), and defects in cell proliferation and differentia-
tion in certain tissues ( 30 , 31 ). Because MnSOD and Gpx-1 
sequentially detoxify superoxide anions generated in the 
mitochondria, deletion of either one of them would be 
predicted to disturb the balance between the generation 
of reactive oxygen species (ROS) and ROS inactivation. 
Defi ciencies in both enzymes would in theory lead to even 
greater ROS accumulation and damage to the cell. In sup-
port of this prediction, we previously showed that defi ciency 
of both MnSOD and Gpx-1 in young adult  Sod2  +/  −    Gpx1  −    /  −    
mice resulted in a dramatic increase in sensitivity to oxi-
dative stress induced by  g -irradiation or paraquat treatment 
compared with a defi ciency of either MnSOD or Gpx-1 
individually ( 32 ). 

 Because mouse models in which the expression of indi-
vidual proteins in the antioxidant defense system is altered 
have not defi nitively revealed the relationship between 
oxidative stress and longevity, we wanted to determine 
whether a dual defi ciency in both MnSOD and Gpx-1 
would have an adverse effect on mouse life span. We hy-
pothesized that because these two primary antioxidant en-
zymes are located in mitochondria, defi ciencies in these 
protective proteins would render the mitochondria more 
compromised, resulting in increased levels of cellular oxi-
dative stress and ultimately reducing life span and increas-
ing pathology in the mice as would be predicted by the 
mitochondrial theory of aging ( 1 , 33 ). To test this hypoth-
esis, we have compared the life span and incidence of pa-
thology in wild-type control,  Gpx1  −    /  −   ,  Sod2  +/  −    Gpx1  +/  −   , 
and  Sod2  +/  −    Gpx1  −    /  −    mice.  

 Methods  

 Animals 
 The combined  Sod2  +/  −    Gpx1  −    /  −    knockout mice were gen-

erated by breeding the two parent knockout models. Mice 
heterozygous for the  Sod2  gene ( Sod2  +/  −    mice) were kindly 
provided by Dr Charles J. Epstein (University of California, 
San Francisco, CA), and mice heterozygous for the  Gpx1  
gene ( Gpx1  − / −    mice) were obtained from Dr Ye-Shih Ho 

(Wayne State University, Detroit, MI). Details regarding the 
generation and characterization of these two mouse models 
have been previously described ( 11 , 34 , 35 ).  Sod2  +/ −   mice 
were bred to  Gpx1   − / −   mice to produce mice heterozygous for 
both genes ( Sod2  +/  −    Gpx1  +/  −   ). To generate  Sod2  +/  −    Gpx1  −    /  −    
mice, the  Sod2  +/  −    Gpx1  +/  −    mice were bred to  Gpx1  −    /  −    mice. 
Wild-type,  Sod2  +/ −  , and  Gpx1   − / −   mice were generated by 
crossing  Sod2  +/  −    Gpx1  +/  −   mice with each other. The  Sod2  
genotype of each mouse was determined by the polymerase 
chain reaction (PCR) analysis of DNA obtained from tail 
clips as described by Li and colleagues ( 11 ). The  Gpx1  
genotype of the mice was determined by PCR using the 
following primer pairs: mGpx1sh-5 ′ -ACA CAg gAC ACA 
CAA ACA ATT CTg-3 ′ , mGpx1wild type-5 ′ -AAT AAA 
TgC CTT TgT CTT CCC TAg-3 ′ , and mGpx1neo-5 ′ -AAg 
AAC gAg ATC AgC AgC CTC T-3 ′ . 

 All mice were fed a standard NIH-31 chow (Teklad Diet 
LM485; Harlan Teklad, Madison, WI )  ad libitum and main-
tained under barrier conditions in microisolator cages on a 
12-hour dark/light cycle. For tissue collection, animals were 
killed by CO 2  inhalation followed by cervical dislocation, 
and the tissues were immediately excised and placed on ice. 
All tissues following collection were stored at  − 80°C and 
analyzed within 30 days. All procedures involving the mice 
were approved by the Subcommittee for Animal Studies at 
the Audie L. Murphy Veterans Administration Hospital.   

 Life Span Study 
 For the life-span experiments, wild-type mice,  Gpx1   − / −   

mice,  Sod2  +/  −    Gpx1  +/  −   , and  Sod2  +/  −    Gpx1  −    /  −    mice (mixed 
males and females) were housed four animals per cage start-
ing at 2 months of age. Mice were assigned to survival 
groups at 4 – 8 months of age and were allowed to live out 
their life span, that is, there was no censoring in all groups 
of mice when measuring survival. Life spans for mice were 
determined by recording the ages of spontaneous death of 
the mice. The mean, median, 10% (the mean life span of 
longest lived 10% animals), and maximum (the age of death 
for the longest lived mouse in the cohort) life spans were 
calculated from the survival data for each genotype. The 
survival curve shown for the wild-type mice ( n  = 121) was 
derived from combined data collected from several survival 
studies on male and female C57BL6 mice conducted by our 
laboratory over the past 10 years.   

 Measurement of DNA Oxidation and Protein Oxidation 
 Oxidative damage in tissues from mice of different geno-

types was assessed by measuring the oxidation of DNA, 
specifi cally the increase of oxidized guanidine 8-oxo-dG. 
DNA was isolated from tissues by the NaI method using the 
DNA Extractor WB Kit obtained from Wako Chemicals 
USA, Inc. (Richmond, VA). Our laboratory had previously 
shown that the NaI isolation method greatly reduces oxida-
tive damage to DNA during extraction, as compared with 
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the phenol extraction method ( 36 ). The level of 8-oxo-dG 
was measured as described ( 32 , 36 ). Results are expressed 
as the ratio of nanomoles of 8-oxo-dG to 10 5  nmol of 
2-deoxyguanosine. 

 Protein oxidation was determined by measuring the level 
of protein carbonyls in the brain using a method described by 
Chaudhuri and colleagues ( 37 ). In brief, brain tissues were 
homogenized in 50 mM phosphate buffer (pH 6.0), 0.5 mM 
MgCl 2 , and 10 mM ethylenediaminetetraacetic acid contain-
ing a cocktail of protease inhibitors (0.5 mM phenylmethyl-
sulfonyl fl uoride, 1 mg/mL leupeptin, and 1 mg/mL aprotinin). 
The tissue homogenate was centrifuged at 4°C for 1 hour at 
100,000 g . The extract was incubated with 1% streptomycin 
sulfate for 10 minutes at 37°C, followed by centrifugation at 
16,000 g  for 10 minutes. The protein concentration of the su-
pernatant was measured by the Bradford method (Bio-Rad, 
Hercules, CA). The proteins (1 mg/mL) were incubated with 
1 mM fl uorescein-5-thiosemicarbazide (FTC) in deaerated 
phosphate buffer (pH 6.0) with 0.3 M guanidine for 2 hours at 
37°C in the dark. The proteins were then precipitated by ad-
dition of an equal volume of 20% trichloroacetic acid on ice 
for 10 minutes. After a 10-minute centrifugation at 16,000 g  at 
room temperature, protein pellets were broken up and washed 
fi ve times with ethanol/ethyl acetate (1:1; vol/vol) to remove 
free FTC. The protein pellets were resuspended in 20 mM 
phosphate buffer (pH 8.0) containing 8 M urea, and equal 
amounts of proteins were subjected to sodium dodecyl sul-
fate – polyacrylamide gel electrophoresis. After electrophore-
sis, the image of the resolved fl uorescent-labeled proteins 
was captured using a Typhoon 9400 (excitation wavelength 
of 532 nm, emission fi lter at 526 nm, 40-nm bandpass). The 
fl uorescence intensity for each lane of the gel (from top to the 
bottom) was calculated using ImageQuant 5.0 (Molecular 
Dynamics, Amersham, Piscataway, NJ) software. The gel 
was then stained with Coomassie R-250 (Sigma, St Louis, 
MO) and destained with 10% acetic acid and 20% methanol 
solution, and the image of the Coomassie-stained proteins 
was captured with an AlphaImage ™  3400 for quantifi cation.   

 Measurement of Carboxymethyl-Lysine Residues 
 Levels of carboxymethyl-lysine (CML) have previously 

been shown to increase with age in rodent models and the 
increase is attenuated by caloric restriction, which is known 
to retard aging in rodents ( 38 ). To determine whether levels 
of this marker were increased in mice defi cient in MnSOD 
and Gpx-1 to a greater degree than in wild-type mice, which 
would indicate an acceleration of age-related changes, we 
measured CML levels in insoluble skin collagen by isotope 
dilution gas chromatography – mass spectrometry as previ-
ously described ( 39 ).   

 Analysis of Pathology 
 Mice in the cross-sectional and survival groups were sub-

jected to pathological analysis. The mice were necropsied 

for gross pathological lesions. Organs and tissues were 
excised and preserved in 10% buffered formalin. The fi xed 
tissues were processed conventionally, embedded in paraf-
fi n, sectioned at 5  m m, and stained with hematoxylin and 
eosin. For each mouse, a list of pathological lesions that 
included both neoplastic and non-neoplastic diseases was 
constructed. Based on these histopathological data, the 
tumor burden, disease burden, and severity of each lesion in 
each mouse were assessed ( 40 ). The severity of neoplastic 
and nephrologic lesions was assessed using the grading sys-
tem previously described ( 41 , 42 ). For example, glomerulo-
nephritis was graded in the order of increasing severity: 
grade 0, no lesions; grade 1, minimal change in glomeruli 
(minimal glomerulosclerosis); grade 2, grade 1 with a few 
(<10) casts in renal tubules; grade 3, grade 1 with more than 
10 casts in renal tubules; and grade 4, grade 3 with intersti-
tial fi brosis. For neoplastic diseases, cases that had grade 3 
or 4 lesions were categorized as death by neoplastic lesions. 
For non-neoplastic diseases, cases that had a severe lesion, 
for example, grade 4, associated with other histopathological 
changes (pleural effusion, ascites, congestion, and edema in 
lung) were categorized as death by non-neoplastic lesions. In 
more than 90% of the cases, there was agreement between 
two pathologists. In cases in which there was not agreement 
or in which no one disease was considered severe enough, 
the cause of death was evaluated as undetermined.    

 Results  

 Body and Tissue Weights in Wild-Type and 
Sod2 +/ −  Gpx1  − / −   Mice 

 To investigate whether the defi ciency in both MnSOD 
and Gpx-1 affects animal development and growth, we 
compared the body weights among mice of different geno-
types. As shown in  Table 1 , the body weight of double 
knockout mice ( Sod2  +/  −    Gpx1  −    /  −   ) was not different from 
that of wild-type mice from young to old ages, indicating 
that defi ciency of both MnSOD and Gpx-1 did not grossly 
affect animal growth and development. Likewise, individual 
tissue weights (liver, heart, and brain) were not affected by 
the reduction in mitochondrial antioxidant enzymes, as 
shown in  Table 1 . Also, the fat composition and lean body 
mass were not affected, as shown in  Figure 1 .           

 Oxidative Damage Is Increased in Sod2 +/ −  Gpx1  − / −   Mice 
 Defi ciency of antioxidant enzymes could lead to in-

creased levels of ROS in vivo, resulting in increased oxida-
tion of macromolecules such as DNA, protein, and lipid. 
Increased levels of oxidative damage have been observed in 
both  Sod2  +/  −    and  Gpx1  −    /  −    mice ( 14 , 23 ). In this study, we 
measured the levels of DNA oxidation in liver and skeletal 
muscle from both young and old mice. We found that 
 Sod2  +/  −    Gpx1  −    /  −    mice showed a signifi cant increase in 
8-oxo-dG, a marker of DNA oxidation ( Figure 2 ). As the 
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data indicate, the elevation of DNA oxidation was signifi -
cant in liver and skeletal muscle from young  Sod2  +/  −    Gpx1  −    /  −    
mice (6 months): 60% and 50% increase over the wild-type 
control in liver and skeletal muscle, respectively. The trend 
of increased DNA oxidation was maintained at advanced 
ages (27 – 29 months): 30% increase in liver and 50% in-
crease in skeletal muscle compared with age-matched wild-
type mice. We also measured protein oxidation as protein 
carbonyls in brain, liver, and skeletal muscle from young 
and old wild-type and  Sod2  +/  −    Gpx1  −    /  −    mice. Protein car-
bonyl levels in brain were signifi cantly elevated in young 
 Sod2  +/  −    Gpx1  −    /  −    mice and remained high in all three tissues 
from the older mice. These data demonstrate the importance 
of MnSOD and Gpx-1 in maintaining ROS homeostasis and 
minimizing oxidative damage in tissues.       

 Life Span of Sod2 +/ −  Gpx-1  − / −   Double-Defi cient Mice 
 According to the oxidative stress theory of aging, a de-

fi ciency in antioxidant enzymes would lead to increased 
oxidative damage, thereby accelerating the aging process. 
Our laboratory previously showed that mice defi cient in 
MnSOD (heterozygous deletion) exhibited no change in life 
span ( 23 ). To further address the question of how a defi -
ciency in oxidative stress defenses affects the aging process, 
we generated mice that were defi cient in both MnSOD and 
Gpx-1, mitochondria-located antioxidants ( 32 ). Hypotheti-
cally, a defi ciency in both enzymes would lead to a greater 
ROS accumulation in vivo, which could have a signifi cant 
impact on the aging process or even on embryonic develop-
ment.  Figure 3  shows the life span of mice defi cient in anti-

oxidant defenses. Data are shown for  Gpx1  − / −    mice as well 
as for mice heterozygous for both  Gpx1  and  Sod2  defi ciency 
( Sod2 +/ −  Gpx1  − / −   ) and mice heterozygous for MnSOD defi -
ciency and homozygous null for Gpx1 ( Sod2 +/ −  Gpx1  − / −   ). 
As shown in  Table 2 , we observed no signifi cant differences 
in the mean, median, or 10% (when 90% of the mice have 
died) survival of any of the genotypes compared with wild-
type mice. In addition, we observed no differences in the 
survival curves when statistically compared by the log-rank 
test ( 43 ). Furthermore, we also analyzed the data according 
to mouse genders and did not detect any signifi cant differ-
ences in longevity between different genotypes associated 
with sex (data not shown).           

 Pathological Changes in Sod2 +/ −  Gpx1  − / −   Mice 
 Increased incidence of tumorigenesis is a common phe-

nomenon in most established mouse models with disrupted 
antioxidant defenses compared with wild-type control mice, 
especially at advanced ages ( 14 , 23  –  35 ). Because we 
observed a signifi cant increase in oxidative damage in the 
 Sod2 +/ −  Gpx1  − / −    mice, we asked whether the increased dam-
age was associated with pathological changes. As shown in 
 Table 3 , the incidence of fatal neoplastic lesions was similar 
in all groups, which is consistent with our previous results 
comparing wild-type and  Sod2  +/  −    mice ( 23 ). However, the 
overall incidence of tumors increased signifi cantly in older 
 Sod2 +/ −  Gpx1  − / −    mice (28 – 32 months of age), when com-
pared with age-matched wild-type control mice, and the 
tumor burden (the average number of tumor/mouse) also was 
signifi cantly higher in the  Sod2 +/ −  Gpx1  − / −    mice compared 
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 Figure 1.        Body composition of young and old wild-type (WT) and  Sod2  +/ −   Gpx1   − / −   (DKO) male mice. Lean body mass (lbm) and fat composition were measured 
by dexascan and calculated as percent of total body mass.    

 Table 1.        Body and Tissue Weights of Young and Old Wild-Type and  Sod2  +/  −    Gpx1  −    /  −    Mice  

  Age (mo) Body Weight (g) Liver (g) Heart (g) Brain (g)  

  Wild type 5 – 6 27.4  ±  0.86 1.13  ±  0.03 0.13  ±  0.01 0.45  ±  0.01 
 28 – 29 22.2  ±  2.69 1.09  ±  0.17 0.13  ±  0.02 0.46  ±  0.02 

  Sod2  +/  −    Gpx1  −    /  −   5 – 6 25.60  ±  0.96 1.14  ±  0.07 0.12  ±  0.01 0.41  ±  0.01 
 28 – 29 22.92  ±  1.24 1.35  ±  0.14 0.135  ±  0.01 0.46  ±  0.01  

   Body weight and tissue weight for young (5 – 6 months) and old (28 – 29 months) wild-type and  Sod2  +/  −    Gpx1  −    /  −    mice. Values shown are mean  ±  standard error 
of the mean for six mice per group. No statistical difference between wild-type and  Sod2 +/ −  Gpx1  − / −    mice at either young or old age (one-way analysis of variance, 
 p  > .05).   
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 Aging Biomarker Changes in Wild-Type and 
Sod2 +/ −  Gpx1  − / −   Mice With Age 

 In addition to the life-span data, we measured the age-
sensitive biomarker, CML, residues in skin collagen. The 
level of CML increased with age but did not differ between 
wild-type and  Sod2 +/ −  Gpx1  − / −    mice, as shown in  Figure 4 . 
This result is also consistent with our previous study with 
 Sod2  +/  −    mice that showed an age-related increase in CML 
in skin but no change in life span.        

 Discussion 
 The oxidative stress theory of aging was fi rst proposed 

just more than 50 years ago and has been the focus of many 
studies investigating potential basic underlying mechanisms 
of aging. According to this theory, a defi ciency in the de-
toxifi cation of ROS due to reduced levels of antioxidant en-
zymes could lead to an accumulation of ROS and oxidative 
damage and thereby shorten life span. In the subsequent 
years, the potential role of the mitochondria in this process 
was highlighted and the theory extended to suggest that 
ROS released from the mitochondrial respiratory chain 
damages macromolecules, especially mitochondrial DNA 
(mtDNA), resulting in an accumulation of mtDNA muta-
tions, defective mitochondrial respiration, and further 
increases in ROS generation and oxidative damage. To 
investigate the effect of reduced mitochondrial antioxidant 

with control mice. These data are also consistent with 
our previous observations of  Sod2  +/  −    mice. Therefore, 
the pathology results indicated that increased oxidative 
damage plays an important role in earlier stage of tumori-
genesis with minimal effects on the growth of tumors to 
become fatal.       
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 Figure 2.        Oxidative damage in young and old wild-type (WT) and  Sod2  +/ −   Gpx1   − / −   (dKO) mice. ( A ) DNA oxidation (level of 8-oxo-dG) was quantifi ed in liver 
and skeletal muscle samples as described in the Methods section ( n  = 6). * p  < .001, as determined by analysis of variance (ANOVA). ( B ) Protein oxidation was 
measured in homogenates from brain, liver, and skeletal muscle ( n  = 6). * p  < .05, as determined by ANOVA. Open bars represent values from wild-type mice; fi lled 
bars, values from  Sod2  +/ −   Gpx1   − / −   mice.    

  

 Figure 3.        Life span of  Sod2  +/ −   Gpx1   − / −   mice. Survival curves are shown for 
wild-type (121 mice, solid diamond),  Gpx1  − / −    (47 mice, solid square), 
 Sod2  +/ −   Gpx1  +/ −   (25 mice, solid circle), and  Sod2  +/ −   Gpx1   − / −   (32 mice, open dia-
mond). In these survival experiments, we combined both male and female mice. 
The mean ( ±  standard error of the mean [ SEM ]), median, maximum, and top 
10% ( ±   SEM ) survival of mice were determined from the age at death as 
described in the Methods section.    
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of the strain, heterozygous ( Sod2 +/ −   ) knockout mice, which 
have approximately 50% of the level of MnSOD activity 
found in wild-type mice, develop normally and do not ex-
hibit a reduction in life span. However, the  Sod2 +/ −    mice 
do have increased oxidative damage to DNA, alterations in 
liver and heart mitochondrial function, and increased sensi-
tivity to apoptosis ( 23 , 26 , 34 ). These results seem to contra-
dict the predictions of the oxidative stress theory of aging 
and have raised questions about the role of oxidative stress 
and damage in modulating longevity. However, the aging 
process per se may not be simply an issue of living or dying 
but rather an issue of functioning well versus functioning 
poorly, that is, the issue of healthy life span or healthy aging 
( 44 ). From this point of view, the increase of oxidative stress 
due to the defi ciency of  Sod2  does affect the aging process 
in  Sod2 +/ −    mice as evidenced by the decrease of resistance 
to oxidative stress and increase of tumor incidence. 

 Gpx-1 is an important antioxidant enzyme that detoxifi es 
hydrogen peroxide. Gpx-1 is located in both the cytosol and 
the mitochondria and thus could play an important role in 
detoxifying hydrogen peroxide formed by removal of super-
oxide in the mitochondrial matrix by MnSOD. Homozy-
gous deletion of  Gpx1  has no effect on mouse development 
( 28 ), but to date, no longevity study has been conducted 
with  Gpx1  − / −    mice. We had previously shown that cells and 
tissues from  Gpx1  − / −    mice are more sensitive to oxidative 
stress compared with wild-type control mice ( 32 , 45 ). In the 
current study, we demonstrated that the lack of Gpx-1 does 
not alter life span. No differences were observed in median, 
mean, and maximum life span between  Gpx1  − / −    and wild-
type mice, suggesting that Gpx-1 had no signifi cant impact on 
mouse longevity. These data, again inconsistent with the oxi-
dative stress theory of aging, also suggest that defi ciency of 
one gene may not be enough to affect longevity. 

 Because the antioxidant defense system is a complex and 
integrated system, it is possible that defi ciency of a single 
antioxidant enzyme may not compromise the system to a 
magnitude suffi cient to alter longevity. To address this 
possibility, we generated mice with a double defi ciency in 
MnSOD and Gpx-1. Because mice null for MnSOD are not 

defenses on life span, we generated mice with defi ciencies 
in both MnSOD and Gpx-1, two primary mitochondrial 
ROS-scavenging enzymes. Contrary to the predicted role of 
mitochondrial oxidative stress in aging, in the current study 
we show that mice lacking both MnSOD and Gpx-1 had no 
reduction in life span. 

 Many vertebrate and invertebrate animal models have 
been developed to test the role of oxidative stress in aging. 
Although some studies in which antioxidant defenses have 
been increased in lower organisms such as  C. elegans  and 
 Drosophila  have been successful in extending life span, 
many studies using models of altered antioxidant defenses 
in mammals have not been supportive of this theory. Thus, 
whereas deletion of MnSOD in mice, the major mitochon-
drial enzyme that detoxifi es superoxide, is either embryonic 
or postnatal lethal depending on the genetic background 

 Table 3.        Age-Related Pathology in Wild-Type and 
 Sod2  +/  −    Gpx1  −    /  −    Mice  

  Genotype ( Sod2/Gpx1 ) 

 +/+ +/+ +/+  − / − +/ −   − / −  

 Probable cause of death 
 (end-of-life pathology)   
      Neoplasm 12 12 14 
         Lymphoma 8 10 9 
         Hemangioma 1 1 0 
         Adenocarcinoma (lung) 3 0 4 
      Others 0 1 1 
     Non-neoplasm 2 5 2 
         Glomerulosclerosis 1 4 0 
         Thrombus 0 0 1 
      Others 1 1 1 
     Undetermined 2 6 3 
     Total 16 23 19 
  

 Tumor incidence at old age (28 – 32 mo)  n  = 21  n  = 10  n  = 19 
     Lymphoma 9 4 9 
     Hemangioma 0 0 1 
     Pituitary adenoma 1 0 4 
     Others 0 1 3 
 Tumor burden 0.48 0.5 0.89 *   

   *       Tumor incidence at old age is statistically different between  Sod2  +/  −    Gpx1  − / −    
mice and either wild-type or  Gpx1  − / −    mice ( p  < .05), whereas there is no differ-
ence between  Gpx1  − / −   and wild-type mice ( p  > .05) by Wilcoxon rank test.   

 Table 2.        Life-Span Characteristics of Antioxidant Defi cient Mice *   

  Genotype 

 WT  Gpx1  −    /  −    Sod2  +/  −    Sod2  +/  −    Gpx1  +/  −    Sod2  +/  −    Gpx1  −    /  −     

  Median (d) 892 (868 – 916) 903 (884 – 922) 940 877 (791 – 943) 911 (833 – 983) 
 Mean (d) 892  ±  24 908  ±  19 918  ±  23 880  ±  33 905  ±  31 
 90% (d) 1,092 (1,040 – 1,188) 1,063 (1,031 – 1,183) 1,088 (1,084 – 1,107) 1,057 (1,027 – 1,283) 1,121 (1,069 – 1,248) 
 Maximum (d) 1,298 1,226 1,239 1,283 1,166  

   *       Life-span data for the wild-type (WT),  Gpx1  −    /  −   ,  Sod2  +/  −   ,  Sod2  +/  −    Gpx1  +/  −   , and  Sod2  +/  −    Gpx1  −    /  −    mice. Data shown for the  Sod2  +/  −    mice are taken from Van 
Remmen and colleagues  (32) . For medians and 90th, percentiles the parenthesized values are the lower and upper bounds of the 95% confi dence interval. The means 
are shown with  ±  standard error of the mean. There are no statistical differences among the different groups for any parameters listed in the right column of the 
table ( p  > .05). The log-rank test was used to compare survival distributions, with the  p  value adjusted based on the empirical null distribution from 2,000 permuta-
tions of the data ( 43 , 55 ). Means of the log-transformed survival times were compared using the Student’s  t  test. The medians and 90th percentiles were compared 
using a modifi ed version of a score test described by Wang and colleagues ( 56 ). These statistical tests were done using custom scripts written in the R statistical 
language ( 57 ).   
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possible that other peroxide detoxifi cation enzymes (e.g., 
peroxiredoxins) may compensate for the lack of Gpx-1. 
Further studies will be required to address this question. 

 Although the sample size was somewhat small, the inci-
dence of fatal tumors was similar among the groups. How-
ever, the overall incidence of tumors and tumor burden 
were signifi cantly higher in the old (28 – 32 months of age) 
 Sod2 +/ −  Gpx1  − / −    mice, when compared with age-matched 
wild-type control mice. The lack of increase in fatal tumors 
in the  Sod2 +/ −  Gpx1  − / −    mice suggests that increased oxida-
tive damage played a more important role in the early stages 
of carcinogenesis initiation, potentially through increased 
DNA oxidation that is followed by increased mutation and 
so forth, and may have a minimal effect on the growth and 
induction of tumors to become fatal. The rate of tumor 
growth could have a signifi cant impact on longevity in mice 
because mice naturally have a high incidence of cancer ( 42 ). 
In support of a role for oxidative damage in tumor progres-
sion, pathological analysis of long-lived Ames dwarf mice 
demonstrated that these mice have a similar incidence of 
cancer compared with the wild-type control but also have 
retarded growth of tumors, which is correlated with ex-
tended longevity ( 41 ). Thus, the fact that the  Sod2 +/ −  Gpx1  − / −    
mice showed no changes in life span in spite of increased 
oxidative damage could be explained by the minimal effects 
of oxidative stress on tumor growth. 

 According to the oxidative stress theory of aging, a re-
duction in antioxidant protection, especially in mitochon-
dria, would be predicted to have negative effect on longevity. 
However, our studies using both single- and double-defi cient 
mice do not support this conclusion. In fact, we show that 
increased oxidative damage was not correlated to a change 
in life span. However, it should be noted that ROS genera-
tion and its detoxifi cation in vivo must be maintained in a 
delicate balance for the animal to age normally, that is, to 
reach maximal life span. The effect of a partial reduction in 
MnSOD even in the face of a lack of Gpx-1 may not be 
enough to disturb oxidative homeostasis and affect longevity. 
Furthermore, ROS are not solely harmful to cell structure and 
function. They also serve a critical function as signaling 
molecules. Therefore, disruption of ROS homeostasis may 
have profound effects on multiple signaling systems that 
may play an important role in regulating aging and longevity, 
including the insulin-like growth factor – mammalian target of 
rapamycin axis and critical damage removal processes such as 
autophagy. Therefore, simple manipulation of the ROS gener-
ation/detoxifi cation may not be enough to achieve the expected 
results due to the complexity of the signaling networks. 

 There is another important layer of complexity when 
studying the effects of oxidative stress on aging. Mammalian 
cells have developed redundant pathways for detoxifying 
ROS. Thus, it is possible that the experimental effect of alter-
ing one part of the defense system may be masked by un-
known compensatory pathways or factors. Furthermore, the 
expression and distribution of different ROS detoxifi cation 

viable, we generated mice heterozygous for  Sod2  and null 
for  Gpx1 . In a previous study, we had shown that young 
 Sod2 +/ −  Gpx1  − / −    mice are very sensitive to  g -irradiation and 
paraquat treatment, and cells isolated from these mice are 
more susceptible to oxidative stress than those defi cient in 
either MnSOD or Gpx-1 alone ( 32 ). These results demon-
strate that a defi ciency in these two primary defense en-
zymes has a dramatic ability at the cellular and whole 
organism levels to increase sensitivity to oxidative insults. 

 In the present study, we examined whether defi ciency of 
both MnSOD and Gpx-1 in mice affects aging and longev-
ity. Our data demonstrated that  Sod2 +/ −  Gpx1  − / −    and 
 Sod +/ −  Gpx1 +/ −    mice have a life span that is not different 
from that of the wild-type mice, suggesting there is no addi-
tive effect on aging with defi ciency of both enzymes. Our 
fi nding is similar to that of the Marklund’s group, which 
demonstrated no life-span difference between mice with a 
single deletion of Cu/ZnSOD and mice with double knock-
out of extracellular SOD (EC-SOD) and Cu/ZnSOD ( 46 ). 
In that study, deletion of EC-SOD affected neither the life 
span of the wild-type mice nor the life span of the Cu/ZnSOD 
null mice, suggesting no functional overlap between EC-SOD 
and Cu/ZnSOD in terms of modulating longevity. The same 
may be true for our study, which did not show overlapping 
roles between MnSOD and Gpx-1 in accelerating mouse 
life span. 

 Although we did not fi nd a reduction in life span, we did 
observe a signifi cant increase in oxidative damage in liver, 
skeletal muscle, and brain from  Sod2 +/ −  Gpx1  − / −    mice when 
compared with wild-type mice. The  Sod2 +/ −  Gpx1  − / −    mice 
also developed more pathology than wild-type and  Gpx1  − / −    
mice, similar to our previous results in the  Sod2  +/  −    mice in 
which we found increases in tumor incidence and tumor 
burden in the  Sod2  +/  −    mice with age ( 32 ). These results 
indicate that there is no additive effect of deleting  Gpx1  in 
the presence of simultaneous reduction in MnSOD. It is 
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 Figure 4.        Changes in carboxymethyl-lysine level (CML), a biomarker 
for aging. Data are results for skin collagen taken from fi ve to seven young 
and old mice. The level of CML clearly increased with age for the wild-type 
and  Sod2  +/ −   Gpx1   − / −   mice but was not different between the two groups. 
Diamond-shaped symbols represent data from the wild-type mice; squares, 
the  Sod2  +/ −   Gpx1   − / −   mice.    



  LIFE SPAN OF M n SOD/G px- 1-DEFICIENT MICE 1219

enzymes vary from tissue to tissue with age. Simple deletion 
or overexpression of the gene in the whole animal may not 
be the best approach for longevity studies. The data from 
studies overexpressing catalase in mitochondria proved that 
targeted expression of genes may be a way of extending life 
span ( 47 ). Thus, there may yet be other unidentifi ed com-
pensatory mechanisms that could reduce the effect of the 
loss of MnSOD and Gpx-1. Still, it is also possible that defi -
ciency of these two enzymes may be insuffi cient to affect 
life span. In addition, it is possible that the defi ciency in 
 Sod2  and  Gpx1  might also affect functional parameters such 
as muscle strength or cognitive function, which may affect 
the health span of the mice without altering the life span. 

 Finally, the understanding of oxidative stress theory of 
aging is further complicated by some recent studies. Several 
investigators have reported that mildly increasing oxidative 
stress or increase of oxidative stress under certain genetic 
background after removing SODs in  C. elegans  could actu-
ally increase longevity ( 48  –  50 ). Others observed no change 
of longevity in mammals including mice when ROS level 
was reduced by overexpressing antioxidant enzymes ( 10 ). 
These observations obviously contradict the prediction by 
the oxidative stress theory of aging. However, they are in 
agreement with a recently proposed hormesis theory of 
aging that states that mild stress-induced stimulation of 
protective mechanisms in cells and organisms results in bio-
logically benefi cial effects on aging ( 51  –  54 ). As has been 
noted, most of the initial data supportive of the oxidative 
stress theory of aging are correlative observations among 
different species. However, the effect of oxidative stress on 
aging and longevity in each species may differ from each 
other. Moreover, in higher organisms, oxidative stress may 
have differential effects on various tissues during aging. 
Thus, whole body deletion of or overexpression of antioxi-
dant enzymes may not achieve the expected results. Finally, 
whether oxidative stress is a result of the aging process or a 
cause of aging is still an unresolved issue. 

 In conclusion, although our data do not provide support 
for the oxidative stress theory of aging, it does not defi nitely 
rule it out either. Additional carefully designed animal mod-
els may be required to better defi ne the full role of oxidative 
stress in aging, whether it is a cause or result of the aging 
process. Such studies could include the use of tissue- or 
age-specifi c and dose-controlled gene expression/knockout 
models.   
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